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Introduction
Heterogeneous catalysis has a number of inherent advantages over homogeneous catalysis. So it is not surprising that presently there is a tendency of new heterogeneous catalysts development and application thereof in the processes, in which homogeneous catalysis is conventionally used. A key problem of heterogeneous catalysis research is the problem of defining the structure and properties of a catalyst (as opposed to homogeneous catalysis, where there is no such problem). Determination of catalyst properties makes it possible to explain not only its efficiency in certain processes, but also to predict its catalytic activity. Catalysis is often divided into two large branches based on the type of chemical process that a catalyst participates in: acid-base and red-ox catalysis. The focus of our research is in acid-base catalysis. The key parameters in determining a catalyst's efficiency in acid-base process are surface concentration of active sites and the characteristics of these sites.
The latter refers to the number of types of active sites and their strength. The object of our research is the synthesis of cooligomers from by-products of ethylene productions. This is a reasonable way to utilize these byproducts. Namely, we use the C 9 fraction of diesel fuel pyrolysis liquid products for synthesis of cooligomers that have wide application. Our approach consists in synthesis of these products by heterogeneous catalytic oligomerization.
Heterogeneous catalysis is most usually used in gas-phase processes. Uses of heterogeneous catalysis in liquid-phase processes, and even more so in oligomerization process, are rare and poorly studied so far. The catalysts used initiate cationic oligomerization due to the presence of Brønsted active sites, i.e., protic sites, on their surface [1] . Oligomerization on a Brønsted active surface site (e.g. styrene oligomerization) may be represented by the following scheme (Scheme 1), where (1) -chain initiation, (2) -chain growth, (3) -chain stopping.
Obviously, a catalyst is more effective in the oligomerization process in cases of higher concentration of active sites on its surface. Higher active site concentration enables simultaneous initiation of a larger number of oligomeric chains, and higher oligomeric product yield is therefore obtained. In our previous investigations [1, 2] , we have examined a number of acid type silica-alumina materials as a catalyst of heterogeneous catalytic oligomerization of the C 9 fraction of liquid pyrolysis products (content of unsaturated substances in the fraction is about 56% by wt.). The present paper is dedicated to the determination of key properties of the catalysts, namely the concentration and strength of active acid sites. The investigations carried out by our group are based on potentiometric titration of aqueous suspensions of catalysts, followed by mathematical processing and the interpretation of the results.
Experimental procedure

Catalysts
The acid type catalysts, which are of silica-alumina materials having been subjected to activation, were the subjects of our research. A number of silica-alumina materials, namely zeolites (NaY, CaA and natural clinoptilolite) and natural clays (bentonite clay, kaolin, palygorskite, monotermite clay, montmorillonite), have been used for the catalyst preparation. The activation of the aluminosilicates consists of treatment with 13% by wt. aqueous solution of sulphuric acid at 100 o C for 6 h, followed by washing, filtering and drying. The activation conditions have been selected on the basis of the results of research carried out by various authors [4] [5] [6] [7] . As a result of the activation, SiO 2 content increases, while content of Na 2 O, CaO, MgO and Al 2 O 3 decreases [3, 5, 8] . Acidity of the aluminosilicates increases after the chemical treatment because both zeolites and clays are capable of ion exchange, and protons replace the alkali metal ions [3, 4, 8, 9] . In addition, formation of additional pores occurs and increases in pore diameter, the total porosity and the specific surface area occur [4, 5, 8] 
Cooligomer synthesis
The cooligomerization of the C 9 fraction of liquid products of diesel fuel pyrolysis was carried out in an argon atmosphere in a three-neck flask fitted with a stirrer and condenser. The flask was heated in a thermostat to the process temperature. The process was carried out at 80 o C for 3 h at constant intensive stirring. The catalyst content in the reaction mixture was 15% by wt. Before using, the catalyst was dried at 150 o C for one hour. After cooligomerization, the catalyst was filtered out under vacuum. Atmospheric and vacuum stripping were carried out successively to obtain the final product as a residue.
Cooligomer properties determination
The colour of the cooligomer was determined by comparing 10% cooligomer solution in benzene with a standard iodine scale [10] . The bromine number (unsaturation) was determined by iodometric back titration according to common technique [11] . The softening point was defined by ring and ball method [12] . The average molecular weight of the cooligomer was defined by the cryoscopic method in benzene solution [13] . The cooligomer density was defined using a Westphal-Mohr balance [14] .
The potentiometric determination of the catalysts active sites' concentration
The main parameter of a heterogeneous catalyst is a concentration of active surface sites (the Brønsted Scheme 1. Heterogeneous catalytic oligomerization of styrene on a Brønsted active site.
acid sites in our case). This parameter was determined by potentiometric titration according to the following technique.
The catalyst samples were dried in a drying oven at 100-150 о С until constant weight. The potentiometric titration experiment was done in a 100-mL Erlenmeyer flask. A suspension of the catalyst in distilled water was prepared with a concentration of 5 g L -1 in 80 mL of distilled water. The background electrolyte,NaNO 3 , was added to give the solution an ionic strength of 0.005 mol L -1 . Afterwards, 0.1 N HNO 3 solution was gradually added to the suspension in 0.1 mL increments until the pH value becomes approximately equal to 3. The suspension was intensively stirred with a magnetic stirrer during the acidification. Before the beginning of the titration, the sample was intensively stirred for another hour for the electrode potential to be completely equilibrated. The titration was carried out with 0.2N NaOH solution with intensive stirring. The titrant solution was added gradually in 0.1 mL increments. After electrode potential equilibration,and each addition of the titrant, the pH value was recorded. During the titration process, the suspension was continually bubbled with argon to exclude СО 2 . The titration was carried out until the suspension pH became greater than 10. The blank titration was carried out in the same manner. A blank is a filtrate obtained as a result of filtration of a catalyst suspension having been acidified with nitric acid. A separate blank was prepared for each catalyst [15, 16] .
For determination of total active acid site concentration, the Gran plot method was used. ( 5) where G -Gran function, V 0 -the initial volume of suspension (mL), V a -the total volume of HNO 3 solution added to the suspension (mL), V b -the volume of added titrant solution (NaOH) (mL), Е -the potential of the glass electrode (mV) being a function of pH of suspension at each titration point.
Generally, Gran plot approach is the linear regression analysis of Gran function (G) versus the volume of added base solution (V b ) that allows the determination of two equivalence points for each catalyst sample (V e b1
and V e b2
) and for each blank system (V´e b1 та V´e b2 ). The equivalence points are found as the intercepts of tangents to acidic and alkaline Gran plot sides at the abscissa axis [15] .
Computational procedure
The acid site strength and the ratio of sites at different strengths were determined based on potentiometric titration data as described below.
During a catalyst sample titration with base solution, active acid surface sites are deprotonated:
The data measured during potentiometric titration (pH values measured for each titration step and values of base solution volume V b . corresponding to these values of pH) are reduced to the amount of protons removed from the catalyst surface (Q cat. ) [17] .
The derivative of this function with respect to pH is the rate of proton exchange per pH unit. This function represents the proton-exchange capacity of the surface as a function of pH, and is thus useful for data interpretation and analysis as well as for parameter optimization [17] .
The matter of this surface acidity determination method consists of the optimization of the parameters (characterizing the surface acidity) by minimizing the sum of squares of the differences between the values of the derivative of function Q cat. for each titration step obtained from titration data, and values of the derivative of function F cat , calculated according to certain theoretical models of the titrant interaction with the surface for each titration step. So the values of the derivative function Q * cat.
(actually, Q * cat.
is reversed (negative) value of the derivative function (see Eq. 23), but simply "derivative" is used here and below for short) is compared with the values of model derivative function F * cat.
. The optimization consists of finding such a set of model parameters, which provides a minimum weighted sum of squares of differences between the two above mentioned derivative functions -SS * (Eq. 35). During a titration, some amount of acid or base is added to the system at each titration step, resulting in a change in solution pH. The proton mass balance can be written as the system of equations [17]: (7) (8) (9) where Δn H+ -the amount of protons removed from the system as a whole (tot.), water (wat.), and the catalyst (cat.) from the beginning of the titration to step і, ΔV і -the total volume of base solution added at step і, and N b -the normality of base solution, γ -the activity coefficients, V -the total solution volume, and subscripts 0 and і refer to the initial state of the system and the state of the system at the titration step i. The values of the activity coefficients were calculated by the Extended Debye-Huckel equation (Eq. 10), the Davies equation (Eq. 11), the Truesdell-Jones equation (Eq. 12) and assumed that activity coefficients γ = 1 [17] . (10) (11) (12) where A and B -constants equal to 0.5092 and 0.3283, respectively, at 25 o C, z -the charge of the ion for which the coefficient is being calculated, а, b -the ionspecific parameters, taking different values depending on the equation [18] , І -ionic strength calculated by the equation (13): (13) where І 0 -the ionic strength at the beginning of the titration, V 0 -the initial solution volume, ΔV i --the total volume of base solution added at step і, V i -the total solution volume at the titration step i (
The value of Δn Н + cat.
is calculated by the Eqs. 7-9. The value of Q cat. (i) (the number of protons exchanged in the catalyst, normalized to catalyst mass) is then found by the Eq. 14 [17] . (14) The value of Q tot. (the total number of protons exchanged in the system, normalized to catalyst mass) is calculated by analogy:
The derivatives of Q cat. and Q tot. with respect to pH for data point i are calculated by performing a secondorder polynomial regression on a subset of Q cat. and Q tot , respectively. Since identical methods are used to calculate the derivatives of Q cat. and Q tot , a generic Q will be used. The data subset used for Q і are the five data points closest to i. The regression is designed to estimate the parameters b 0 , b 1 and b 2 for the secondorder polynomial [19] :
where х -is the pH value. The slope of this function at point i is the derivative of the above equation:
The parameters b 0 , b 1 and b 2 are calculated using a series of matrix operations [19] . The matrix b containing the regression parameters is calculated by:
where [3, 3] , Х-the matrix containing the independent variables (Eq. 19), Y-the matrix containing the dependent variables (Eq. 20): 
The variance-covariance matrix s 2 (b) is calculated by:
where k -p is the number of degrees of freedom. Treating Q' as a linear combination of b 1 and b 2 , the variance in the slope estimate is calculated by:
where the variance V() and covariance Cov() values are obtained from s 2 (b).
Since the derivative Q' (i.e., dQ/dpH) yields negative values, we will use a positive quantity Q * for convenience.
The variance values for Q * and Q' are equal:
The values of Q * and V(Q * ) is then calculated for each titration step.
As previously mentioned, the optimal parameters search for the value of Q * cat.
that is compared with the value for F * cat.
, being calculated in accordance with some theoretical model. In the titration model, it is assumed that pH is fixed at each titration step, and that the surface becomes equilibrated with respect to the solution at each step. Some number of surface proton exchange reactions (Eq. 6) is assumed to occur at the surface, each with a corresponding equilibrium constant and site concentration. In other words, there is a certain number of active site types on the catalyst surface, and each of them interact with the titrant to produce its own equilibrium constant. The mass action expressions for such reactions are:
where {} denotes the concentrations of surface active sites in moles per kg of the catalyst, [H + ] denotes activity of protons, К -the equilibrium constant characterizing the active surface site strength, and one of two main parameters, optimization of which is the main task of this method of surface acidity investigation, ΔZ -the change in charge of the surface sites in the reaction (ΔZ= -1 in the case of Reaction 6), F -Faraday's constant, R -the ideal gas constant, Т -absolute temperature, Ψ -the surface potential [20] .
The mass action expression is subject to the active surface sites mass balance constraint:
The total concentration of mentioned functional groups (active surface site concentration) is the second main model parameter, optimization of which is the task of this method. Thus we have the system of two Eqs. 24 and 25 with two unknown variables: К and {≡ROH} tot. . Finding the optimal values of these unknowns (model parameters) by the least-squares procedure is the main task of this method.
The surface charge is calculated by: (26) where j refers to the functional group type (active site type), S spec. -the catalyst specific surface area.
We used four models of the titrant interaction with the catalyst surface, namely the Double Layer Model (Eq. 27), the Constant Capacitance Model (Eq. 29), the Donnan Sell Model (Eqs. 30-32) and non-electrostatic adsorption model [20] . The above mentioned models differ from each other first of all in the surface potential Ψ calculation method:
where z -the counterion valence, с -the counterion concentration, ε -the dielectric constant of water, ε о -the permittivity of free space [20] . The system of Eq. 24-27 are solved simultaneously by iteration for the pH value corresponding to each titration step, yielding the values of К and the total concentration of surface functional groups (active surface site concentration). The net proton exchange function (i.e., protons added or removed from the surface per mass unit of the catalyst) is then calculated by:
In the Constant Capacitance Model the surface potential is calculated by: (29) where С -the capacitance [20] .
While the Double Layer Model and the Constant Capacitance Model assume that surface charge exists in a plane, the Donnan Sell Model assumes the charge is distributed throughout a shell-like volume enveloping the surface. 
where w -an error weighting parameter. Since the above-described method involves a large set of similar calculations, a computer was used for their accomplishment. To determine the main parameters of the catalyst, we used the computer program ProtoFit (Version 2.0), which is designed to determine the surface active site concentration and strength (equilibrium constants of dissociation) based on the potentiometric titration data. This program allows one to determine the mentioned parameters by optimization based on the chosen theoretical model. For optimization, it is necessary to choose the following parameters: the model (one of the four described above: the Double Layer Model, the Constant Capacitance Model, the Donnan Sell Model and non-electrostatic adsorption model), the method of activity coefficient calculation (Extended Debye-Huckel equation, the Davies equation, the Truesdell-Jones equation or γ = 1), and the number of active site types. The program allows one to choose from one to four active site types.
The initial data to be set include potentiometric titration results (pH values and volumes of added titrant, corresponding to these values of pH), an initial volume of suspension, mass of a catalyst, the titrant solution normality, specific surface area of a catalyst, an absolute temperature and the background electrolyte (NaNO 3 ) concentration.
The program data-out includes the Eq. 6 equilibrium constant logarithm, characterizing the acid site strength, as well as the logarithm of these sites' concentration (lgH). If the number of the active site types is chosen to be more than one (from 2 to 4), the program calculates lgK and lgH for each type. In addition to values lgK and lgH, the program calculates SS * values (35). SS * value allows one to judge the adequacy and accuracy of the results. Lower SS * values denote more adequate results. Thus we can identify which of the four models of titrant interaction with the surface is most adequate, which of the formulas for the activity coefficient calculation agrees with the titration results best of all, and how many types of active sites are present on the catalyst surface. Results for which the SS * value is minimal are considered to be true results.
Results and discussion
The determination of active sites concentration by potentiometric titration
The potentiometric titration curve for activated montmorillonite is given in Fig. 1 . For the other catalysts, similar curves have been obtained. The potentiometric titration curves of catalyst suspensions are more flat at the titration jump, and the jump is flatter compared to those on curves for blanks. This indicates that some amount of the titrant is spent for interaction with acid sites of a catalyst surface.
In the case of activated montmorillonite, for example, the Gran plots' sections corresponding to the titration jump are as follows (Fig. 2) .
As is clear from the Gran plots given above, hydroxide ions successively participate in the following processes during the titration. Initially, they take part in neutralization of the excess H + (before the equivalence point V e b1 , represents the amount of base bound with the surface active sites. It is the key quantity to determine.
Having defined all volumes of titrant, corresponding to equivalence points for all catalyst samples and blanks, we can calculate the total active sites concentration for each investigated catalyst (mmol g -1 ) (Eq. 36):
where С NaOH -the base solution normality (С NaOH = 0.19993 mol L -1 ), m cat. -the weight of the catalyst, used for suspension preparation (g). The results of definitions and calculations are given in Table 3 .
The obtained results indicate relatively high active site concentration of the investigated activated aluminosilicates. The values of the active site concentration is notably greater for the investigated activated zeolites then for the corpuscular type silicaalumina materials (kaolin, palygorskite, monotermite clay, bentonite clay, montmorillonite).
The main criterion of the catalyst efficiency in our case is the cooligomeric product yield. The cooligomer yields obtained in our previous research [1,2] when using investigated catalysts are given in the diagram (Fig. 3) .
As is clear from the diagram, the highest yields have been achieved in the presence of activated natural clay minerals, such as montmorillonite, bentonite clay and palygorskite. The obtained results allow one to state that clays are more effective catalyst of the process compared to zeolites. The swelling clays are more effective than unswelling clays (e.g. kaolin). Large pore zeolites (NaY) are more effective than micro pore zeolites.
The use of aluminosilicates without previous activation does not allow one to achieve a satisfactory cooligomer yield with other conditions being equal. For example, the cooligomer yield obtained when using natural bentonite clay is 7.02% by wt., i.e., more than three times less compared to one obtained when using activated bentonite clay.
There is a clear quantitative relationship between the active site concentration and product yield in case of activated clay materials. The investigated zeolites dramatically digress from this relationship: despite the large values of active site concentration (Table 1) , relatively low product yields are obtained. The η = f (H S ) diagram (wherein η -cooligomer yield) for activated clay materials is given in Fig. 4 .
As is clear from the diagram, there is a quantitative dependence between catalyst active site concentration and cooligomer yield obtained when using this catalyst. The dependence is very close to being linear but actually is not linear. The relation between the catalyst active acid site concentration and product yield obeys the second-order polynomial (with approximation accuracy R 2 = 0.9999):
, if yield is given in % by wt., and active surface site concentration is given in mmol g -1 . The yield increases non-linearly, probably, because of the limited amount of monomers in the reaction mixture (the unsaturated components content in C 9 fraction is ≤ 57% by wt.), as well as due to steric hindrance that may take place in case of high active site density on catalyst surface (cooligomeric chains growing on active surface sites may hinder access to neighbouring active sites for monomers). Nevertheless, we can confidently conclude that, in the case of investigated silica-alumina catalysts, the active site concentration is the key parameter determining the catalyst efficiency in heterogeneous catalytic oligomerization.
The activated zeolites do not allow one to achieve high yields despite the much higher values of the active site concentration compared to other investigated catalysts. It is most probably caused by the fact that the considerable part of the active site remains inaccessible for monomers during oligomerization. In our previous research, aimed at the definition of the catalysts specific surface area accessible for the reagents in liquid phase heterogeneous catalytic oligomerization, we have found out that in the case of the investigated zeolites (which are spongy aluminosilicates), only 1-2% of their total surface is accessible [21] . The active sites located on Concerning the relation between cooligomer properties and active site concentration, we can state that the catalysts with less active site concentration allow one to obtain product with higher average molecular weight and softening point, and vice versa (Table 2) . This regularity may be explained as follows. In presence of a catalyst with greater active site concentration, more oligomer chains are initiated simultaneously (Scheme 1 (Eq. 1)). As a result, cooligomers of lower molecular weight are obtained at fixed process duration.
The active sites strength determination
The non-electrostatic adsorption model has been found to be the most adequate for all investigated catalysts. This fact argues that the active sites of the investigated catalysts generally are in a non-dissociated state. Thus the catalyst surface is electrically neutral.
In case of all catalysts, the minimum value of SS * is obtained when assumed γ = 1.
The values of strength (рК і ) and concentration of the active sites of each type (Н Sі ) are given in Table 3 .
As is clear from Table 3 , the activated kaolin, monotermite clay and zeolite CaA have active sites of two types, the activated natural clinoptilolite and zeolites NaY -three types, and the activated bentonite clay, montmorillonite and palygorskite -four types. Generally, if we round pK values to integer, we can state that there are some typical active sites for all the investigated aluminosilicates. Particularly, most active sites are characterized by рК≈5 and рК≈9-10, fewer -рК≈6-7 and рК≈8. Since the catalysts are aluminosilicates and the active sites are the hydroxyl groups, we can suggest that stronger active sites (with рК≈5-8) are different kinds of silanol groups while sites with рК≈9-10 are hydroxyl groups bound with aluminium atoms. Specifically, it can be suggested that the sites with рК ≈ 5 are isolated silanol groups рК ≈ 6-7 are vicinal silanol groups that are slightly weaker because hydrogen atoms are bound not only by covalent bonds but also by hydrogen bonds with oxygen atoms of adjacent hydroxyl groups, and thus are a little harder to dissociate. рК ≈ 8 are geminal silanol groups, rare and even weaker than vicinal groups. They are weaker because electronegative silicon atom is simultaneously bound with two hydroxyl groups. As a result, an electron density is pulled from hydroxyl groups much more weakly. Consequently, hydrogen atoms are held more strongly. The effect of hydrogen bonding also takes place in this case. рК ≈ 9-10 are groups bound with aluminium atom that is much less electronegative compared to silicon, so Al OH the hydroxyl groups bound with it dissociate harder.
For the representation of different active surface site distribution in percents of the total amount of the catalyst active sites, the obtained results are represented as pie charts (Fig. 5) :
For the majority of the investigated catalysts (all except the activated palygorskite and the natural clinoptilolite) most of the active sites are of the strength pK≈5.
It has been found that the catalysts with higher content of weak active sites allow one to obtain the cooligomers with higher average molecular weight. Of course, the concentration of the active sites available for interaction also affects the product average molecular weight. However, in case of the activated monotermite clay, having lower active site concentration, the cooligomer with substantially lower molecular weight is obtained compared to one obtained with the activated palygorskite having considerably higher active site concentration. Conversely, there would not be any effects besides the influence of the active site concentration. Likewise, the activated natural clinoptilolite, having higher accessible surface area compared to the activated CaA [21] , allows one to obtain the cooligomer having average molecular weight more than 300 g mol -1 greater than product obtained when using the activated CaA. Evidently, this factor also affects the molecular weight of product obtained in presence of activated bentonite clay that is lower compared to the molecular weight of the cooligomer obtained when using palygorskite.
Undoubtedly, simultaneous impact of various factors takes place. The previous results are due to the properties of the active sites of the catalysts. As is clear from the pie charts given above (Fig. 5) , 41% of the active sites of the activated palygorskite are weak (рК=10.165) while in the activated bentonite clay there is about 28% of weak sites, and in the other catalysts even less. Almost a half (48%) of the active sites of the activated natural clinoptilolite are sufficiently weak (рК=8.751). The cause of the fact that the catalysts having higher content of the weak active sites facilitate obtaining of cooligomers with higher molecular weight is following. The cooligomer chain growing on the active acid surface site comes off (Scheme 1 (Eq. 3)) easier the stronger the active site is. The growing oligomer chain (macrocarbocation) is bound with negatively charged counterion on the catalyst surface by electrostatic force. In case of a stronger active site, electron density is pulled from the oxygen atom more strongly and the negative charge on it reduces. As a result, the electrostatic force holding the growing macrocarbocation weakens. Thus, the same factor allowing the surface hydroxyl groups to dissociate easily, promotes the easier detachment of a growing cooligomer chain. The easier (and thus more rapidly) the growing cooligomer chains come off, the lower the average molecular weight of the final cooligomeric product is. 
Conclusions
Active acid site concentration of studied catalysts is sufficiently high. The activated zeolites have the highest active site concentration. But because of inaccessibility of most of the zeolites' surface for the monomers, the studied zeolites have been found to be less effective catalysts of C 9 fraction oligomerization compared to the activated clay materials. Satisfactory yields of the cooligomers may be achieved when using the activated clays even under mild conditions. There is a quantitative dependence between clay catalyst active site concentration and cooligomer yield obtained when using this catalyst. The active site concentration also affects the products' properties. In particular, the increase of the active sites concentration results in decrease of average molecular weight and increase of unsaturation. Since the experimental data obey the nonelectrostatic adsorption model best of all, the surface of the catalysts is electrically neutral, i.e. Brønsted active sites are undissociated. The active site strength also influences the cooligomers' properties. Active sites of higher pK value contribute to obtaining the product with higher molecular weight, and vice versa.
